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Unmethlylated CpG dinucleotides induce a strong T-helper-1-like inflammatory response, presumably
mediated by Toll-like receptor 9 (TLR9). However, the nature and cellular localization of TLR9 in primary
human cells remain controversial. Here we demonstrate, using flow cytometry and immunofluorescence
microscopy techniques, that TLR9 can be expressed at the cell surface. The primary human cell subsets that
were positive for TLR9 expression were distinct depending on the tissues analyzed. Specifically, in human
peripheral blood mononuclear cells (PBMC) the majority of cell surface TLR9� cells were confined to the
major histocompatibility complex (MHC) class II� CD19� populations that express CD11c and/or CD14,
whereas in tonsils the same gated population contained primarily MHC class II� CD19� cells. Cells positive
for surface expression represented a minor fraction of the total cell populations examined, varying between 2
and 10%. In addition, we found that TLR9 expression at the surface of PBMC was up-regulated approximately
fourfold following stimulation with the gram-negative bacterial cell wall component lipopolysaccharide, sug-
gesting a potential modulatory role of TLR4 agonists on TLR9 expression. Taken together, these data validate
human TLR9 expression at the surface of primary cells, in addition to the previously described intracellular
localization. Further, our results suggest that human antigen-presenting cells comprise the major cell popu-
lations expressing cell surface TLR9.

To discriminate between self and nonself antigens, the im-
mune system has evolved a series of pattern recognition recep-
tors to identify invading pathogens and initiate the host im-
mune response. The newly identified Toll-like family of
receptors function in this fashion to activate both the innate
and adaptive arms of the immune response (21). Toll was
originally identified in Drosophila as a receptor required for
the establishment of dorso-ventral polarity (19). However, it
was also found to play a critical role in immunity, as flies
lacking this protein were highly susceptible to infection with
Aspergillus fumigatus (27). The mammalian Toll-like receptors
(TLRs) were cloned based on sequence homology to the Dro-
sophila Toll protein (12, 13, 15, 32, 35, 37). Activation of
human Toll results in NF-�B activation and up-regulation of
B7-1, interleukin-1 (IL-1), IL-8, and IL-6 mRNAs, suggesting
a role for TLR in bridging innate and adaptive immunities
(32). To date, 10 TLRs in humans and 9 TLRs in mice have
been identified.

TLR9 has been reported to be the receptor for unmethyl-
ated CpG dinucleotides found within bacterial but not human
DNA (20, 24). Expression profiling revealed TLR9 mRNA or
protein in B cells, plasmacytoid dendritic cells (DCs), and cells
of the monocyte/macrophage lineage (6, 20, 22, 24, 25). Syn-
thetic CpG oligodeoxynucleotides (ODN) were used for TLR9
stimulation or ligation and were found to mediate adjuvant
activity (10, 30) resulting in the stimulation of T-helper-like-1

(Th1) cytokine production (23) and maturation of DCs (5, 6,
18). Furthermore, TLR9-deficient mouse cells failed to prolif-
erate or secrete cytokines in response to CpG stimulation, and
in vivo studies confirmed the resistance of these mice to lethal
CpG-induced shock (20). Together, these data implicate TLR9
in controlling the immune response to bacterial infections.

Conflicting data have been reported in the literature as to
whether TLR9 can be expressed at the cell surface, despite
sharing significant homology with other members of the TLR
family, including putative intracellular, extracellular, and trans-
membrane domain sequences (15, 20). Prior to the discovery of
TLR9, studies using fluorescence-labeled CpG ODN to stim-
ulate macrophage cell lines revealed that ODN rapidly entered
the endosomal compartment, with minimal localization at the
plasma membrane (17). In primary cell assays, immobilized
CpG ODN that were incapable of being internalized were used
to identify the potential existence of a cell surface receptor
capable of mediating stimulation via CpGs. While it was found
that murine B cells failed to become activated when cultured
with CpG ODN (24), others reported that immobilized CpG
ODN induced human B-cell proliferation and immunoglobulin
secretion comparably to free CpGs (28, 29).

Following the discovery of TLR9 and the identification of
the receptor-ligand interaction between TLR9 and CpG ODN,
(6, 14, 20) the cellular localization of TLR9 in cell lines and
primary cells remained unclear. In cell transfection studies
using TLR9 from both human and mouse, TLR9 was found at
the cell surface of transfected cell lines (11, 14, 36). Ahmad-
Nejad et al. (1), however, reported only intracellular TLR9
expression in permeabilized RAW cells. Recent studies (26)
have only added to the controversy, as it was found that the
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majority of human TLR9 was expressed intracellularly but that
TLR9 could also be surface accessible following exposure to
CpG DNA.

Determining the localization of TLR9 in steady-state and
activated cells is critical for understanding how TLR9 functions
to stimulate both the innate and adaptive arms of the immune
response. To this end, the cellular localization of TLR9 in
primary human cells was investigated by using a murine anti-
human TLR9 monoclonal antibody (MAb). In flow cytometry
and immunofluorescence studies, we identified TLR9 expres-
sion at the cell surface of both human tonsil cells and periph-
eral blood mononuclear cells (PBMC).

MATERIALS AND METHODS

Cell preparation. Tonsil samples, harvested from patients undergoing tonsil-
lectomy, were obtained from the National Disease Research Interchange (Phil-
adelphia, Pa.). Tissue samples were dissected into small pieces and incubated
with 1 mg of collagenase D (Boehringer, Mannheim, Germany) per ml for 1 h at
37°C. Subsequently, samples were dissociated by passage through a cell strainer,
followed by two medium washes to remove the collagenase. Human PBMC were
isolated from whole-blood samples by Ficoll gradient centrifugation. In all cases,
informed consent was sought and ethical permission was granted.

Flow cytometric staining. Approximately 106 nonpermeabilized cells per con-
dition were stained for flow cytometry. Briefly, cells were blocked with 5%
normal mouse serum (Sigma, St. Louis, Mo.) and then stained with the murine
anti-human TLR9 MAb (Imgenix, San Diego, Calif.) labeled with zenon-allo-
phycocyanin (APC) (Molecular Probes, Eugene, Oreg.) or zenon-APC-labeled
murine isotype control antibody (BD-PharMingen, San Diego, Calif.) and com-
binations of other cell surface murine anti-human antibodies, i.e., anti-HLA-
DR-peridinin chlorophyll a protein, anti-CD11c-phycoerythrin (PE), anti-
CD123-PE, anti-CD14-PE, anti-CD19-fluorescein isothiocyanate (FITC), anti-
CD123-FITC, and anti-CD14-FITC (all from BD-PharMingen). Anti-CD20-PE
and the combination of anti-immunoglobulin M (IgM)-PE and anti-IgD-PE were
used to further support the fact the CD19� cells were B lymphocytes (data not
shown). Cell surface TLR9 staining was confirmed by using a different PE-
labeled rat anti-human TLR9 clone (eBioscience, San Diego, Calif.) directed
toward a distinct portion of the extracellular domain of TLR9 (data not shown).
A PE-labeled rat IgG2a,� MAb (BD-PharMingen) was used as the isotype
control for the rat-anti-human TLR9 MAb. Cytofix (BD-PharMingen) was used
to fix the cells, and the cells were read on a BD-FACSCalibur instrument
(BD-Biosciences, San Jose, Calif.). Flow cytometric analysis was performed with
CellQuest (BD-Biosciences) or FlowJo (Tree Star, San Carlos, Calif.) software.
For cell activation prior to flow cytometric staining, 106 cells/ml were stimulated
for 24 or 48 h with 30, 10, or 1 �g of lipopolysaccharide (LPS) (Sigma) per ml.
7-Amino-actinomycin D (BD-PharMingen) was used, according to the product
instructions, as a vital dye to distinguish live from dead cells.

Peptide synthesis and competition. The TLR9 peptide (amino acids [aa] 268
to 284, CPRHFPQLHPDTFSHLS) was synthesized by Invitrogen (Carlsbad,
Calif.). The control peptide (CEKHSQPWQVLVASR) was synthesized in
house. The purity of both peptides was greater than 85%. In the flow cytometric
staining protocol, the peptides were reconstituted fresh for each experiment and
then preincubated with the anti-TLR9 MAb or the isotype control MAb prior to
incubation with the cell suspensions.

Cloning of the human TLR9 gene. The full-length coding sequence of human
TLR9 was PCR amplified from huTLR9/pUNO (InvivoGen, San Diego, Calif.)
by using standard molecular biology methods (35a) with the following conditions:
95°C for 2 min; then 30 cycles of 95°C 30 s, 60°C for 30 s, and 72°C for 2.5 min;
and a final 7-min extension at 72°C. The following primers were used for am-
plification: forward primer 5�-TCGAGCTAGCGCCACCATGTTGGG-3� and
reverse primer 5�-AGCTGGATCCCTATTCGGCCGTGGG-3�. The PCR prod-
uct was run on a 0.8% Tris-borate-EDTA agarose gel, and a 3,126-bp product
was extracted by using a gel extraction kit (Qiagen, Valencia, Calif.) and eluted
in distilled water. The purified product was then cloned into pcDNA3.1/V5HIS-
TOPO (Invitrogen) according to the manufacturer’s instructions. DNA was
generated from single colonies and screened by sequencing to identify a single
clone with the wild-type sequence. The DNA from a wild-type clone was digested
with XhoI (New England Biolabs, Beverly, Mass.) according to the manufactur-
er’s instructions. The vector, p2106 (Centocor, Inc., Radnor, Pa.), was digested
with SalI (New England Biolabs) and then treated with calf intestinal alkaline

phosphatase (New England Biolabs) to remove any free 5� phosphate groups in
order to prevent recircularization. The digested vector and clone fragments were
purified by being run on an 0.8% Tris-borate-EDTA agarose gel and extracted as
described above. The purified vector and clone fragments were ligated by using
the Promega (Madison, Wis.) rapid ligation kit at room temperature for 30 min
and then transformed into Mach-1 cells (Invitrogen). The transformation mix-
ture was plated on Luria-Bertani agar containing 50 �g of kanamycin (Teknova,
Hollister, Calif.) per ml and incubated overnight at 37°C. DNA was prepared
from single colonies and sequenced to confirm the orientation and wild-type
sequence. A single wild-type clone with the correct orientation was identified,
and DNA was prepared for transfection by using the Hi-Speed MaxiPrep kit
(Qiagen).

Human TLR9 transfection and detection. RAW264.7 cells (5 � 105) were
plated in 2 ml of RPMI 1640 plus 10% fetal bovine serum in six-well plates
(Corning International, Corning, N.Y.). The cells were incubated for 24 h at 37°C
with 5% CO2, followed by transfection with 4 �g of a vector expressing full-
length human TLR9 or 4 �g of empty vector as a mock transfection control.
Transfections were carried out with Lipofectamine 2000 (Invitrogen). At 24 h
posttransfection, cells were assessed for human TLR9 cell surface expression by
flow cytometry with an anti-human TLR9 MAb (Imgenix) followed by detection
with FITC–goat anti-mouse IgG-IgM polyclonal antibody (PharMingen). Cells
were acquired on a FACScan instrument (model CB1120; Becton Dickinson,
Franklin Lakes, N.J.) with CellQuest software, and analysis was performed with
CellQuest or FlowJo software on a large forward or side scatter gate to eliminate
debris.

Immunofluorescence. Nonpermeabilized cells stained for flow cytometry were
used for cytospin generation. Briefly, PBMC were stained and fixed as described
above, and then a portion of the cells was gently spun (400 � g for 4 min) onto
slides to make cytospins. Protective coverslips were mounted on the slide with
Vectashield (Vector Laboratories, Inc., Burlingame, Calif.), and the cells were
then viewed under fluorescence microscopy.

Statistical analysis. Populations of PBMC expressing cell surface TLR9 be-
fore and after culture were compared by using paired Student t tests with the
software GraphPad Prism version 4.0.

RESULTS

TLR9 is expressed at the cell surface of distinct populations
of tonsil cells and PBMC. To determine whether TLR9 could
be expressed at the cell surface of primary human cells, flow
cytometry was performed with nonpermeabilized cells. In ton-
sils, TLR9 staining was observed on the cell surface of a subset
of live gated cells (Fig. 1). A summary of the data from six
independent studies is shown in Table 1. The frequency of
TLR9� cells varied from 2 to 9.5% of live gated tonsil cell
preparations relative to the isotype control (0 to 1.8%) (Table
1). Of note, the proportion of TLR9� cells in the tonsil sample
did not correlate with donor age (data not shown). To deter-
mine which cell populations in the tonsil samples exhibited cell
surface expression of TLR9, multiparameter staining with anti-
major histocompatibility complex (MHC) class II MAbs and
the pan-B-cell marker CD19 was performed (Fig. 1). We found
that greater than 93% of the TLR9� cells expressed CD19,
suggesting that the cell surface TLR9� cells are of the B-cell
lineage (Table 1 and Fig. 1D). The remainder of the TLR9�

population exhibited an MHC class IIlow and/or CD19low phe-
notype. Overall, these data identify CD19� B cells as the pri-
mary cell population displaying TLR9 cell surface expression
in the tonsil.

TLR9 cell surface expression on human PBMC populations
was also investigated. In multiple experiments utilizing distinct
donors, TLR9 staining was evident by flow cytometry on sub-
sets of PBMC (Fig. 2 and Table 2). The average frequency of
cell surface TLR9� cells was 10.1% � 5.7% of live gated cells,
relative to 0.9% � 0.4% for isotype control (Fig. 2B and Table
2). Despite the variability in frequency of TLR9� cells between

VOL. 72, 2004 CELL SURFACE TLR9 EXPRESSION ON DISTINCT CELL POPULATIONS 7203



donors, in all cases the frequency of cell surface TLR9� cells
was greater than fourfold above the background staining levels
observed with the isotype control antibody (Table 2 and data
not shown). Similar results were obtained with a PE-labeled rat
anti-human TLR9 MAb from eBioscience (clone eB72-1665)
(data not shown).

To determine which cell population(s) was expressing cell
surface TLR9, multiparameter flow cytometry staining with
anti-MHC class II, anti-CD19, anti-CD123, anti-CD14, and
anti-CD11c MAbs was performed. In these experiments, the
cell surface phenotype of the TLR9� cells was assessed, and
subpopulation percentages were determined (Fig. 2 and Table
2). Unlike the case for tonsil cells, where the majority of
TLR9� cells (93.3% � 1.5%) expressed the pan-B-cell marker
CD19 (Table 1), only a subpopulation of the cell surface
TLR9� cells in PBMC (10.1% � 7.3%) expressed CD19 (Ta-
ble 2 and Fig. 2D). Additional distinct subpopulations of cell
surface TLR9� cells were also identified in the PBMC sam-

ples. MHC class II� CD11c� dendritic cells represented 83.2%
� 10.6% of the cell surface TLR9� (R2 gated) cells (Table 2
and Fig. 2H). The TLR9� MHC class II� CD11c� cells lack
CD19 expression, but greater than 85% of these cells ex-
pressed CD14, suggesting the presence of a heterogenous pop-
ulation including dendritic cells as well as cells of a monocyte/
macrophage lineage (data not shown). Furthermore, a small
subset of the cell surface TLR9� cells (R2 gate) (6.6% �
9.1%) were found to be MHC class IIlow CD19� CD123bright

(Table 2 and Fig. 2F). Upon further characterization, most
cells in this subset were found to express CD4 but not CD11c
(data not shown), a phenotype previously described for plas-
macytoid DCs (16, 34), which are known to express TLR9
mRNA (22). All subpopulations of TLR9� cells in the PBMC
lacked CD3 expression (data not shown). Figure 3 shows for-
ward and side scatter profiles of TLR9� cells on tonsillar cells
(Fig. 3A) and human PBMC (Fig. 3B). Overall, these data
suggest that TLR9 can also be expressed as a cell surface
protein on distinct subsets of human antigen-presenting cell
populations, including dendritic cells, plasmacytoid dendritic
cells, and B cells. However, whether the difference in the
TLR9� cell phenotypes in tonsils and human PBMC reflects
age variation between the donors remains to be determined.

Specificity of flow cytometric human TLR9 staining. The
anti-human TLR9 MAb was made by immunizing mice with a
17-mer peptide of TLR9 (aa 268 to 284) located in the putative
TLR9 extracellular domain. To test the specificity of the flow
cytometric staining observed with the mouse anti-human TLR9
MAb, the immunizing peptide (aa 268 to 284) was synthesized
and compared with a control peptide for its ability to block the
TLR9 staining by flow cytometry. We first performed prelim-
inary experiments to determine the optimal concentration of
peptides to use. Preincubation of the mouse anti-human TLR9
MAb with 200 �g of the immunizing TLR9 peptide per ml
reduced the level of TLR9 staining to close to background
levels (those levels observed with the isotype control MAb)
(Fig. 4A). In contrast, preincubation of the mouse anti-human
TLR9 MAb with the control peptide had no effect on TLR9
staining (Fig. 4B). No effect on mouse isotype control staining
was observed with either the TLR9 peptide or the control
peptide (data not shown). Overall, these data therefore con-
firm the specificity of the anti-TLR9 MAb to the epitope lo-
cated in the extracellular domain of TLR9.

Transient transfections of human TLR9 into RAW cells
were performed to further confirm the specificity of the flow

FIG. 1. Cell surface TLR9 is expressed on human tonsil cells.
(A) A representative dot plot displays forward and side scatters of the
tonsil cells used for live-cell gating (R1). (B) Staining with the TLR9
MAb (dark open line) is shown overlaying staining observed with the
isotype control MAb (gray filled line). R2 indicates the cell surface
TLR9� cells. Dot plots of HLA-DR (MHC class II) and CD19 expres-
sion are shown for (C) the total live R1 gated cells and (D) the TLR9�

cells (R2 gate). Dead cells were excluded by 7AAD staining.

TABLE 1. Summary of phenotypic analysis of cell surface TLR9� tonsillar cellsa

Expt % Total TLR9�

(R1 gate)
% Isotype control

(R1 gate)
% TLR9� MHC II�

CD19� (R2 gate)
% TLR9� MHC IIlow

CD19low (R2 gate)

1 2.2 0.0 NDb ND
2 9.5 1.8 ND ND
3 3.9 0.0 93.1 1.0
4 9.2 0.0 92.3 1.3
5 2.2 0.5 95.4 0.4
6 2.7 1.2 92.3 1.5

Avg � SD 5.0 � 3.5 0.6 � 0.8 93.3 � 1.5 1.1 � 0.5

a Phenotypic analysis is based on flow cytometric analysis data (Fig. 1) obtained from six independent experiments.
b ND, not done.
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cytometric staining observed with the mouse anti-human TLR9
MAb. Cell surface TLR9 expression on RAW cells transfected
with human TLR9 was assessed and compared to the fluores-
cence observed on mock-transfected cells (Fig. 5). In three
independent experiments, we found that RAW cells trans-
fected with human TLR9 displayed detectable levels of cell
surface TLR9 expression relative to mock-transfected RAW
cells (Fig. 5). Because the mouse anti-human TLR9 MAb

detects cell surface TLR9 expression only on RAW cells trans-
fected with human TLR9 and not on mock-transfected RAW
cells, these data further validate the specificity of the mouse
anti-human TLR9 MAb.

Up-regulation of cell surface TLR9 expression on human
PBMC following LPS stimulation. The gram-negative bacte-
rial cell wall component LPS was previously found to up-
regulate TLR9 mRNA expression (3, 4). Therefore, we deter-

FIG. 2. Cell surface TLR9 is expressed on human PBMC. (A) A representative dot plot displays forward and side scatters of the PBMC used
for live-cell gating (R1). (B) Staining with the TLR9 MAb (dark open line) is shown overlaying staining observed with the isotype control MAb
(gray filled line). R2 indicates the cell surface TLR9� cells. Dot plots of (C, D) MHC class II and CD19, (E, F) MHC class II and CD123, (G,
H) MHC class II and CD11c expression are shown for (C, E, G) R1-gated cells and (D, F, H) R2 TLR9� cells. Dead cells were excluded by 7AAD
staining.
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mined whether cell surface-expressed TLR9 on human PBMC
could be modulated following LPS stimulation. Human PBMC
stimulated for 18 h with LPS expressed approximately four-
fold-higher cell surface levels of TLR9 (mean fluorescence
intensity [MFI], 159.4) (Fig. 6B) than did PBMC cultured in
medium alone (MFI, 40.7) (Fig. 6A). A similar up-regulation
in MFI was observed at 48 h postculture (data not shown),
indicating that activation of PBMC with LPS resulted in the
up-regulation of TLR9 cell surface expression.

Flow cytometry was also used to determine whether the
frequency of cell surface TLR9� cells was altered following
culture in LPS or medium alone (Table 3). Following LPS
stimulation, the average frequency of human PBMC express-
ing cell surface TLR9 was not increased relative to ex vivo
PBMC (P � 0.4227 for 24 h of LPS treatment and P � 0.9225
for 48 h of LPS treatment). Furthermore, the proportion of
human PBMC expressing cell surface TLR9 after culture in
medium alone for 24 h was not different from ex vivo expres-
sion (P � 0.6816). In contrast, human PBMC cultured in me-
dium alone for 48 h had a decreased frequency of cell surface
TLR9-positive cells compared to ex vivo PBMC (P � 0.0370).

Multiparameter flow cytometric analysis was performed, as
on ex vivo PBMC, to define the frequencies of cell surface

TLR9-expressing subpopulations in PBMC following LPS
stimulation (Table 3). Relative to ex vivo PBMC, no difference
was observed in the proportion of CD19�, CD19�, or CD11c�

PBMC expressing cell surface TLR9 following either 24 or 48 h
of LPS stimulation. In contrast, the proportion of CD123�

cells expressing cell surface TLR9 increased following 48 h (P
� 0.0274) but not 24 h (P � 0.0564) of LPS stimulation of
human PBMC (Table 3). CD123� cells represent only about
2% of the total PBMC (data not shown). Therefore, although
the frequency of cell surface TLR9� CD123� cells is elevated
following 48 h of LPS stimulation, the overall change in cell
surface TLR9 expression is likely to be too small to affect the
total frequency of TLR9� cells, which did not increase follow-
ing LPS stimulation (Table 3). Also of note, the frequency of
total CD11c� cells in PBMC is decreased following 48 h of
culture in medium alone (data not shown). Because CD11c�

cells represent the largest fraction of cell surface TLR9� cells
in human PBMC (Table 2), it is likely that the reduction in the
total frequency of cell surface TLR9� cells observed following
48 h of culture in medium is due to a reduction in the total
frequency of CD11c� cells noted in these cultures (P � 0.0309)
(data not shown). Overall, these data suggest that stimulation
of PBMC with the bacterial cell wall component LPS dramat-

FIG. 3. Forward and side scatter profiles of TLR9 positive cells in (A) tonsils and (B) human PBMC.

TABLE 2. Phenotypic analysis of cell surface TLR9� cells on ex vivo human PBMCa

Donor % Total TLR9�

(R1 gate)
% Isotype control

(R1 gate)
% TLR9� MHC II�

CD19� (R2 gate)
% TLR9� MHC II�

CD19� (R2 gate)
% TLR9� MHC II�

CD11c� (R2 gate)
% TLR9� MHC IIlow

CD123bright (R2 gate)

1 5.9 1.0 12.5 66.4 NDb 31.9
2 1.0 0.2 13.0 82.9 ND 6.1
3 7.1 0.6 11.2 85.5 ND 3.5
4 8.4 0.7 14.1 72.0 ND 2.4
5 13.3 0.8 2.5 93.4 89.3 2.6
6 4.4 1.0 26.2 64.2 63.3 9.3
7 13.1 0.9 10.8 80.7 82.4 2.7
8 14.8 1.4 2.4 92.1 93.4 2.5
9 19.7 1.2 3.5 83.7 83.4 2.9

10 13.6 1.3 4.9 84.6 87.6 2.5

Avg � SD 10.1 � 5.7 0.9 � 0.4 10.1 � 7.3 80.6 � 10.0 83.2 � 10.6 6.6 � 9.1

a Phenotypic analysis is based on flow cytometric analysis data (Fig. 2) obtained from 10 independent donors.
b ND, not done.
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ically alters the frequency of CD123� cells that express cell
surface TLR9.

Visualization of TLR9 expression by using immunofluores-
cence techniques. To further validate that the mouse anti-
human TLR9 MAb recognized TLR9 at the cell surface, we
prepared cytospins of PBMC from the LPS-stimulated cultures
that had been stained with anti-CD19-FITC (pan-B-cell
marker) and either anti-TLR9-APC or an isotype control-
APC. Cytospins were visualized by using fluorescence micros-
copy. TLR9� cells were readily identified on cytospins of LPS-
stimulated PBMC (Fig. 7C), whereas little to no staining was
detected with the isotype control (Fig. 7A). The microscopic
fields shown in Fig. 7A and C were also visualized with green
fluorescence to observe CD19 staining (Fig. 7B and D, respec-
tively). Comparison of staining observed under red fluores-
cence with anti-TLR9 MAbs (Fig. 7C) with that observed un-
der green fluorescence with anti-CD19 MAbs (Fig. 7D)
suggested that the majority of cell surface TLR9� cells were

low to negative for CD19, as was more clearly shown when
staining observed with the anti-CD19 MAbs (Fig. 7D) was
overlaid by the staining observed with the TLR9 MAbs (Fig.
7C), as shown in Fig. 7E. These data are consistent with those
obtained by flow cytometry (Fig. 2 and Table 2), where the
majority of cell surface TLR9� cells on human PBMC lacked
CD19 expression.

DISCUSSION

Identifying the cellular localization of TLRs in general, and
of TLR9 in particular, is a critical step toward understanding
the receptor-ligand interactions that are capable of modulating
the host immune response to pathogens. Previous studies have
demonstrated cell surface expression of TLR9 on transfected
immortalized cells (11, 14, 36). However, in one of the trans-
fection studies (36), a heterologous leader sequence from the
Igk gene replaced the endogenous control elements, which
might direct TLR9 expression to the cell surface. To further
address TLR9 localization, a murine anti-TLR9 MAb directed
toward the extracellular domain of human TLR9 was gener-
ated and used to stain a permeabilized murine macrophage cell
line (1). That study confirmed intracellular TLR9 expression
prior to and following gamma interferon (IFN-	) treatment of
RAW cells, yet it failed to visualize cell surface expression (1).
In chimeric receptor studies, a chimera of the cytoplasmic and
transmembrane domains of TLR9 coupled to the extracellular
domain of TLR4 was expressed intracellularly following viral
transduction of primary murine macrophages (33); however,

FIG. 4. Specificity of TLR9 staining. The anti-human TLR9 MAb
was made by immunizing mice with a 17-mer peptide of TLR9 (aa 268
to 284) located in the putative TLR9 extracellular domain. Specificity
of the TLR9 staining was tested by preincubating the TLR9 MAb with
the TLR9 peptide prior to the initiation of the flow cytometric staining
protocol. PBMC preparations were stained with the mouse anti-human
TLR9-APC that had been preincubated with either (A) a peptide from
the extracellular domain of TLR9 or (B) a negative control peptide.
The histograms shown are gated on live cells and show fluorescence for
the mouse anti-human TLR9-APC MAb (gray histogram), the mouse
anti-human TLR9-APC MAb preincubated with the TLR9 peptide
(A) or the control peptide (B) (bold black line), and the APC-labeled
isotype-matched MAb (thin stippled line). Preincubation of mouse
anti-human TLR9 MAb with a TLR9 peptide reduced the fluorescence
staining observed for TLR9 to near background levels observed with
the isotype control (A). Preincubation of the mouse anti-human TLR9
MAb with the control peptide had no effect on TLR9 staining (B). The
data shown are representative of those from three independent exper-
iments.

FIG. 5. Specificity of TLR9 staining. The specificity of the TLR9
staining was further tested by assessing cell surface TLR9 expression
on RAW 264.7 cells that were mock transfected or transfected with a
plasmid containing human TLR9. At 24 h posttransfection, cells were
stained with mouse anti-human TLR9 antibody, which was detected
with an FITC–goat anti-mouse IgG/IgM antibody. The histogram plot
shown depicts mock-transfected cells stained with only the secondary
reagent (gray dashed line), mock-transfected cells stained with the
TLR9 antibody plus the secondary detection reagent (gray solid line),
and TLR9-transfected RAW cells stained with the TLR9 antibody plus
secondary detection reagent (black solid line). RAW cells transfected
with human TLR9 display cell surface TLR9 staining distinct from that
of the mock-transfected cells. The data shown are from one experi-
ment and are representative of those from three independent experi-
ments.
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FIG. 6. Cell surface TLR9 expression on human PBMC is up-regulated following LPS stimulation. Human PBMC were cultured for 24 h in
30, 10, or 1 �g of LPS per ml and then stained with the murine anti-human TLR9-APC MAb or the isotype control. The histogram plots shown
are (A) PBMC cultured in medium alone stained with the TLR9 antibody (black line) overlaying the isotype control (gray histogram), (B) human
PBMC cultured in LPS (10 �g/ml) stained with the TLR9 antibody (black line) overlaying the isotype control (gray histogram), and (C) human
PBMC cultured in LPS (10 �g/ml) stained with the TLR9 antibody (black line) overlaying human PBMC cultured in medium alone stained with
the TLR9 antibody (gray histogram). The MFIs for the TLR9� cells are shown in histograms (A) and (B). No difference in the MFI of TLR9
up-regulation was observed among the various concentrations of LPS (data not shown). The data shown are representative of those from three
independent experiments.

TABLE 3. Phenotypic analysis of cell surface TLR9� cells on LPS-stimulated ex vivo human PBMCa

Treatment Donor % Total TLR9�

(R1 gate)
% Isotype control

(R1 gate)
% TLR9� MHC II�

CD19� (R2 gate)
% TLR9� MHC II�

CD19� (R2 gate)
% TLR9� MHC II�

CD11c� (R2 gate)
% TLR9� MHC IIlow

CD123bright (R2 gate)

Ex vivo 8 14.8 1.4 2.4 92.1 93.4 2.5
9 19.7 1.2 3.5 83.7 83.4 2.9

10 13.6 1.3 4.9 84.6 87.6 2.5

Avg � SD 16.0 � 3.2 1.3 � 0.1 3.6 � 1.3 86.8 � 4.6 88.1 � 5.0 2.6 � 0.2

Medium, 24 h 8 18.5 2.1 1.0 97.5 97.9 1.8
9 16.3 1.0 5.1 92.8 92.5 2.9

10 16.5 1.0 2.5 96.0 92.7 0.7

Avg � SD 17.1 � 1.2 1.4 � 0.6 2.9 � 2.1 95.4 � 2.4 94.4 � 3.1 1.8 � 1.1

LPS, 24 h 8 19.1 2.1 5.5 70.7 81.3 31.3
9 7.0 1.0 22.4 68.2 81.2 14.0

10 7.1 1.6 12.3 78.5 81.7 26.1

Avg � SD 11.1 � 7.0 1.6 � 0.6 13.4 � 8.5 72.5 � 5.4 81.4 � 0.3 23.8 � 8.9

Medium, 48 h 8 3.2 1.0 4.3 89.2 85.7 1.9
9 8.3 1.0 6.9 91.9 96.7 0.7

10 7.8 1.0 7.8 88.7 83.7 1.5

Avg � SD 6.4 � 2.8 1.0 � 0.0 6.3 � 1.8 89.9 � 1.7 88.7 � 7.0 1.4 � 0.6

LPS, 48 h 8 23.1 1.0 4.1 68.7 65.3 66.0
9 12.8 3.1 16.2 76.5 72.1 66.5

10 10.7 1.4 7.8 82.5 76.8 38.5

Avg � SD 15.5 � 6.6 1.8 � 1.1 9.4 � 6.2 75.9 � 6.9 71.4 � 5.8 57.0 � 16.0

a Phenotypic analysis, with or without 24 or 48 h of LPS stimulation, is based on flow cytometric analysis of live-gated PBMC (R1 gate) and TLR9� cells (R2 gate)
obtained from three independent donors. The raw data for ex vivo cell surface TLR9 expression for donors 8 to 10 are also presented in Table 2.
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because the native TLR9 signal sequence was missing, it re-
mains unclear whether native TLR9 can be expressed at the
cell surface.

Using sensitive flow cytometry techniques and immunofluo-
rescence staining, we found here that TLR9 can be expressed
at the cell surface of primary human cells, a finding that does
not negate the fact that TLR9 can also be expressed intracel-
lularly. The discrepancies between our results and other pub-
lished reports may be due to the sensitivities of the techniques
used. Failure to detect cell surface expression on primary cells
in previous reports may be due to low levels of cell surface
TLR9 expression, although a previous report did describe low
levels of surface TLR9 expression on HEK293 cells observed
by using the eBioscience rat anti-human TLR9 MAb (26). We
found that LPS stimulation of human PBMC allowed us to
readily detect TLR9 at the cell surface, providing additional
evidence of cell surface TLR9 expression. To determine the
specificity of the anti-TLR9 MAb used in these studies, peptide
blocking studies (Fig. 4) and staining of cells transfected with
human TLR9 (Fig. 5) were conducted. The anti-TLR9 MAb
specifically stained RAW cells transfected with human TLR9
(Fig. 5). Murine RAW cells were used in our transfection
studies because we failed to detect cell surface TLR9 expres-
sion in TLR9-transfected human embryonic kidney 293 cells
(data not shown). It is unclear whether the failure to detect
TLR9 cell surface expression following transfection was due to
an issue of sensitivity of detection. Therefore, a population of
cells known to be able to express TLR9, the RAW 264.7 mu-
rine macrophage cell line, was utilized for the transfection
studies. Further, we attempted to determine the phenotype of
human cells that express cell surface TLR9. Interestingly, dis-

tinct subpopulations of antigen-presenting cells from the ton-
sils and the peripheral blood were found to express surface-
localized TLR9. Greater than 93% of tonsil cells expressing
cell surface TLR9 were of B lymphocyte lineage, compared to
approximately 10% of TLR9� cells in human PBMC. In hu-
man PBMC, the majority of cell surface TLR9� cells exhibited
surface CD11c and CD14 but lacked CD19 expression, a phe-
notype reminiscent of a monocyte/macrophage lineage. Addi-
tionally, a small population of MHC class II� CD19� CD123�

plasmacytoid DCs was identified in human PBMC. These data
suggest that distinct immunological responses to pathogens
following triggering of TLR9 can be orchestrated, at least in
part, by the types of TLR9� cell populations present in the
local microenvironment. Based on the differential expression
of TLR9, we hypothesized that the rapid secretion of cyto-
kines, including IFN-
/� (22, 25), following activation of cell
surface TLR9 on antigen-presenting cell populations in the
PBMC may contribute to the modulation of an early innate
immune response against microbial pathogens. Stimulation of
TLR9 in tonsils, however, where cell surface TLR9 is mainly
confined within the CD19� B-cell population (Table 1), might
modulate the outcome of the host adaptive immune response
against microbial antigens. This contention stems from recent
findings demonstrating a role for TLR9 ligands not only in
B-cell activation but also in the differentiation of human mem-
ory B cells into immunoglobulin-secreting cells (8, 9, 23, 24).
Importantly, it was found that the fate of TLR9� B cells can be
tightly controlled, at least in part, by TLR9 ligands in the
absence of antigen-specific stimulation (7, 8), lending support
to the hypothesis that interaction between CpG and cell sur-

FIG. 7. Cell surface TLR9 expression visualized by immunofluorescence staining. Double staining of LPS-stimulated human PBMC with
(A) the APC-labeled isotype-matched MAbs and (B) FITC-labeled anti-CD19 MAbs, using the same microscopic field, and double staining of
LPS-stimulated PBMC with (C) the APC-labeled anti-TLR9 MAbs and (D) FITC-labeled anti-CD19 MAbs, using the same microscopic field, are
shown. Staining was observed under a fluorescence microscope at a magnification of �40. Arrows indicate cell surface TLR9 staining (C), which
did not colocalize with CD19 staining (arrows in panel D). (E) Staining observed with the anti-CD19 MAbs (Fig. 6D) overlaid by the staining
observed with the TLR9 MAbs (Fig. 6C) shows distinct cells expressing TLR9 (red) and CD19 (green).
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face TLR9� B cells may also regulate the adaptive arm of the
immune response against microbial pathogens.

We also identified increased expression of cell surface TLR9
in PBMC following stimulation with LPS. LPS has previously
been shown to up-regulate the expression of several TLRs at
the mRNA level, including TLR2 (4, 31), TLR3 (2), and TLR4
and TLR9 (3, 4). Therefore, we tested whether LPS stimula-
tion of PBMC was capable of influencing TLR9 expression at
the cell surface. We found that stimulation of PBMC with LPS
induced the up-regulation of cell surface TLR9 expression
(Fig. 6) and increased the frequency of CD123� cells that
express cell surface TLR9 (Table 3). Importantly, these data
suggest a potential cross-modulatory role of bacterial TLR4
ligands on cell surface TLR9 expression during the process of
an immune response.

While the exact immune mechanisms underlying the LPS-
induced up-regulation of TLR9 remain to be determined, we
hypothesize that cytokines secreted following LPS stimulation
indirectly modulate cell surface TLR9 expression. In addition
to LPS, IFN-	, CpG ODN, and B-cell receptor triggering have
also been shown to up-regulate TLR9 mRNA expression (7, 9,
36). We found that cell surface TLR9 expression did not
change following 24 or 48 h of stimulation of PBMCs with
IFN-	 (data not shown); cell surface expression following B-
cell receptor triggering or stimulation with CpGs is under
investigation. Our data suggest that either up-regulation of
IFN-	-induced TLR9 mRNA expression does not correlate
directly with TLR9 cell surface protein expression or IFN-	-
induced TLR9 up-regulation may result in the rapid internal-
ization of the receptor. Further studies are needed to clarify
this issue.

The evidence that TLR9 can be expressed at the cell surface
is of critical relevance for primary human antigen-presenting
cells and affords the opportunity to generate specific reagents
for understanding biological function. Specifically, with the
validation of surface localization of TLR9, improvements in
the characterization of extracellular ligands or moieties to spe-
cifically target and modulate TLR9-expressing cells are now
possible.
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